Posttranscriptional regulation is an important step in the regulation of gene expression. In this article, we show an unexpected connection between two proteins that participate in different processes of posttranscriptional regulation that ensures the production of functional mRNA molecules. Specifically, we show that the A-to-I RNA editing protein adenosine deaminase that acts on RNA 1 (ADAR1) and the human Upf1 (hUpf1) protein involved in RNA surveillance are found associated within nuclear RNA-splicing complexes. A potential functional role for this association was revealed by RNAi-mediated down-regulation of ADAR1, which was accompanied by up-regulation of a number of genes previously shown to undergo A-to-I editing in Alu repeats and to be downregulated by hUpf1. This study suggests a regulatory pathway by a combination of ADAR1 A-to-I editing enzyme and RNA degradation presumably with the aid of hUpf1.
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RNAi ͉ supraspliceosomes ͉ posttranscriptional regulation ͉ nuclear complexes ͉ cross-linking R NA editing catalyzed by the adenosine deaminase that acts on RNA (ADAR) family of proteins involves the conversion of adenosines to inosines (A to I) and is one of the pre-mRNA processing activities. Of the three identified human ADAR proteins, ADAR1 and ADAR2 are expressed ubiquitously and have different isoforms resulting from alternative splicing, whereas ADAR3 is expressed at low levels only in the brain (reviewed in refs. 1 and 2). ADAR1 exists in two major forms expressed from two distinct promoters. The IFN-induced longer one is present both in the nucleus and cytoplasm, whereas the constitutively expressed shorter one is present in the nucleus (3, 4) .
ADARs act on double-stranded RNA and deaminate adenosines at specific sites. Because inosines are generally basepaired to cytidines, specific A-to-I editing can change the coding potential within an ORF, or change splice sites and other control elements (1, 2) . A functional significance of the specific editing by ADARs is exemplified by the dramatic decrease of Ca 2ϩ permeability of the AMPA channel by editing of the Q/R site of GluR-B subunit (5) . Significant changes in the G protein coupling efficiency of 5-HT 2C R have also been reported (6, 7) . However, in many other substrates, A-to-I editing was found clustered in noncoding regions mainly in Alu repetitive elements (8) (9) (10) (11) , as expected from the identification of a large number of inosines in mRNA molecules (12) . The functional significance of the latter editing is not yet fully understood. Some of the editing in noncoding regions was suggested as part of a protection mechanism of mRNA molecules against RNAi-like degradation (13) . ADARs were also shown to bind siRNA and were thus proposed to protect mRNA molecules from RNAi-like degradation (14) . However, double-stranded RNA molecules with repeating U-I base pairs undergo degradation mediated by Tudor, one of the RNA-induced silencing complex (RISC) components (15) . Pan-editing by the IFN-induced ADAR1 was proposed as part of the antiviral protection mechanisms (3) . Also pan-editing by ADARs can lead to nuclear retention of the RNA molecule (16, 17) .
Another posttranscriptional regulatory process involves the RNA surveillance mechanism nonsense-mediated mRNA decay (NMD). This mechanism identifies RNA transcripts harboring premature translation termination codons (PTC) and brings about their degradation such that their potential toxic effect is reduced (18) . NMD in human cells involves the hUpf proteins (hUpf1, hUpf2, and hUpf3), which together provide substrate specificity for the recruitment of mRNA into the NMD pathway (19, 20) . hUpf1 also participates in a mechanism of degradation, termed Staufen1-mediated decay (SMD), which is independent of hUpf2 and hUpf3. In SMD, the protein Staufen1 binds a 3Ј-UTR bearing a stop codon and recruits hUpf1, leading to the degradation of the mRNA (21) . The hUpf1 protein was also shown to be involved in the RNA surveillance mechanism nonsense-associated alternative splicing (NAS) (20, 22) . Knockdown of hUpf1 by RNAi and microarray analysis of expressed genes revealed a large number of genes that are down-regulated by hUpf1 (23) .
The present study was motivated by our finding (reported here) that hUpf1 is an integral component of the supraspliceosome. This large 21-MDa nuclear ribonucleoprotein complex (24) has been proposed to constitute the machine where RNA splicing occurs in living cells. In addition to its splicing activity (25) , the supraspliceosome harbors other pre-mRNA processing components including the editing enzymes ADAR1 and ADAR2 and the A-to-I editing activity associated with them (26, 27) . We therefore asked whether the hUpf and the ADAR proteins, which are involved in apparently distinct RNA processing functions, interact within the supraspliceosome. In this study, we show that ADAR1 and hUpf1 coexist in supraspliceosomes and in additional nuclear complexes. Our studies suggest a functional link between ADAR1 and hUpf1 in affecting the level of a subgroup of edited RNA Pol II transcripts.
Results
hUpf1 Is Associated with Supraspliceosomes. Nuclear pre-mRNAs together with all pre-mRNA processing components are packaged in supraspliceosomes that represent the native pre-mRNA processing machine (26) (27) (28) (29) . These complexes contain all five spliceosomal U small nuclear ribonucleoproteins (snRNPs) (25) , as well as splicing factors such as the SR protein family (30) , and the ADAR A-to-I RNA editing enzymes (26) . Because hUpf1 protein was shown to be involved in NAS (20) , we reasoned that it might be associated with supraspliceosomes. To search for such an association HeLa cells nuclear supernatant (NS) enriched for supraspliceosomes was fractionated in a sucrose The authors declare no conflict of interest. gradient as previously described in refs. 28 and 29, and supraspliceosomes sedimenting at the 200S region of the gradient were collected and refractionated in a second gradient. We then checked by Western blotting for the presence of hUpf1 in fractions across the gradient. As shown in Fig. 1A , hUpf1 sediments at the 200S region of the gradient together with Sm proteins, which were previously shown to be associated with supraspliceosomes by cosedimentation analysis (25, 31) and by coimmunoprecipitation (co-IP) assays (31) . ADAR1 also sediments at the 200S region of this gradient as previously shown (26) . Because hUpf1 was shown to be in a complex with hUpf2 and hUpf3 (19) , we searched for their presence in the supraspliceosome region. However, neither could be detected cosedimenting with supraspliceosomes in this gradient, whereas they could be detected in NS by the respective antibodies [supporting information (SI) Fig. 8 ].
To demonstrate that hUpf1 is an integral component of supraspliceosomes, we performed indirect immunoprecipitation (IP) of supraspliceosomes with monoclonal antibodies against Sm proteins (Fig. 1B) . The precipitated proteins and the unbound fraction were electrophoresed by SDS/PAGE and Western blotted by anti-hUpf1 antibodies (Fig. 1B Left, lanes 1 and 4, respectively). As controls, we show a mock reaction without the antibody (lane 2), and a mock reaction without the sample (lane 3). We found that hUpf1 was indeed specifically precipitated by the anti-Sm antibodies (Fig. 1B Left; IP yield of 16%), thus confirming the association of hUpf1 with supraspliceosomes. Notably, probing the same blot with antibodies against ADAR1 revealed that ADAR1 is also associated with supraspliceosomes (Fig. 1B Right) .
hUpf1 and ADAR1 Coexist in Nuclear Complexes. ADAR1 was previously shown to be associated not only with supraspliceosomes, but also with nuclear complexes sedimenting at the 70S region of the gradient (26), where native spliceosomes sediment (25, 32) . The finding that hUpf1 also appears with complexes at the 70S fraction of the first sucrose gradient (data not shown), raised the question whether hUpf1 is associated with ADAR1 in these complexes. ADAR1 (26) and hUpf1 (data not shown) were also found at the top fraction of the gradient, where small complexes or individual components sediment. We therefore performed additional IP experiments, this time on the 70S and top fractions of a first gradient, and found that in IP with anti-hUpf1 antibodies ADAR1 was precipitated from the 70S fraction (14%) and to a lower extent (7%) from the top fraction ( Fig. 2 A and B, respectively) . These results indicate an association between the ADAR1 and hUpf1 proteins. Co-IP experiments on supraspliceosomes performed with anti-hUpf1 antibodies were not efficient enough to be conclusive, most probably because of hindrance of the hUpf1 antigenic determinants within the 21-MDa supraspliceosome. As a control for the IP experiments, we also performed IP with a nonrelevant antibody (preimmune anti-rabbit IgG) on the 200S, 70S, and top fractions of a first gradient, and on a HeLa cell nuclear extract (NE). The results show that IP with antibodies against ADAR1, hUpf1, and Sm were specific (Fig. 2C) .
To further test the association of ADAR1 and hUpf1, we performed IP on a HeLa cell NE by using antibodies against ADAR1. Fig. 3A shows that hUpf1 was precipitated with a yield of 23%. In a reciprocal experiment, in which antibodies against hUpf1 were used for IP and anti-ADAR1 antibodies were used for Western blotting, ADAR1 was immunoprecipitated with a yield of 20% for the 110-kDa form and of 1% for the 150-kDa form (Fig. 3B) . Both antibodies are specific and no crossreactivity was observed. We can therefore conclude that hUpf1 is associated with ADAR1.
We next tested whether this association depends on RNA, by analyzing the effect of RNase treatment on the association as seen by IP. First, we incubated a HeLa cell NE with RNase A, which cleaves single-stranded RNA, and then performed IP by using antibodies against hUpf1 (Fig. 3C ). An analogous experiment was performed with RNase V1, which cleaves doublestranded RNA (Fig. 3D) . Extraction of RNA followed by analysis of actin RNA by RT-PCR showed that practically all RNA was degraded by the respective RNase treatment (Fig. 3E) . Because both RNase treatments did not interfere with the precipitation of ADAR1 by the hUpf1 antibodies (Fig. 3 C and D) , we can conclude that RNA is not required for the ADAR1-hUpf1 association.
Association of ADAR1 and hUpf1: Cross-Linking Experiments. To further support the interaction between ADAR1 and hUpf1, we incubated a HeLa cell NE with the chemical cross-linker dimethyl suberimidate (DMS) and analyzed the protein products by SDS/PAGE and Western blotting. Incubation of the NE with the cross-linker for increasing time caused the disappearance of the monomeric forms of ADAR1 (Fig. 4A) and hUpf1 (Fig. 4B) , and the concomitant appearance of higher oligomeric forms containing ADAR1 and hUpf1. A high-molecular-mass oligomeric form, which seems to contain both ADAR1 and hUpf1 (Fig. 4 A and B) , has an apparent molecular mass of Ϸ350 kDa (as determined by molecular mass markers in the range of 75-500 kDa). The cross-linking experiment was also performed after RNase treatment (either RNase A or RNase V1). In both cases, even though the RNase treatment was effective, the cross-linking pattern did not change (SI Fig. 9 ).
To further characterize the high-molecular-weight crosslinked forms that contain ADAR1 and hUpf1, we used a reversible chemical cross-linker and 2D gel analysis. We incubated a HeLa cell NE with dimethyl-3,3Ј-dithiobispropionimidate (DTBP) and analyzed the sample on an SDS/PAGE. We then reversed the cross-linking by reducing the disulfide bond of DTBP with ␤-mercaptoethanol, and electrophoresed the sample on a second dimension SDS/PAGE, followed by Western blotting with anti-ADAR1 and anti-hUpf1 antibodies. This way, proteins that are not cross-linked run the same way in both gels and create a diagonal, whereas cross-linked proteins run as such on the first gel but as non-cross-linked products on the second gel (because of the cleavage of the cross-linker) and are therefore found off the diagonal. Proteins that had been cross-linked together appear off diagonal on the same vertical line. As can be seen in Fig. 5 , there are several off-diagonal bands corresponding to both ADAR1 (Fig. 5B) and hUpf1 (Fig. 5C ), which were released from the cross-linked species by the reducing agent. For comparison, we show Western blots with ADAR1 of a firstdimension gel of a non-cross-linked NE, and a cross-linked NE without treatment by the reducing agent (Fig. 5A) . From the merge of Fig. 5 B and C (Fig. 5D) , it can be seen that both ADAR1 and hUpf1 were cross-linked to generate a complex with an apparent molecular mass of Ϸ350 kDa. On reversal of the cross-linking, both ADAR1 and hUpf1 appear on the same vertical line, indicating that they have been released from the same high-molecular-weight complex. We also show that run- ning a 2D gel as described above without pretreatment of the sample with DTBP does not result in off-diagonal signals (SI Fig. 10 ).
Knockdown of ADAR1 Results in Up-Regulation of Genes Edited by
ADARs and Regulated by hUpf1. We then asked whether the apparent association between ADAR1 and hUpf1 has functional consequences. A clue for such a connection came from the observations that hUpf1 can also participate in an RNA degradation pathway distinct from NMD (21) and that its downregulation results in up-regulation of the expression of many genes as detected by microarray analysis (23) . We therefore searched for candidate genes that can potentially be degraded by a pathway involving both ADAR1 and hUpf1. For this aim, we compared the list of genes that are up-regulated after the knockdown of hUpf1 (23), with the list of genes that undergo editing according to bioinformatic analyses (8) . Of the 13 genes that appeared in both lists, we chose the following six: MAP3K14 (mitogen-activated protein kinase kinase kinase), TXNRD2 (thioredoxin reductase), MGC10471 (hypothetical protein), PISD (phosphatidylserine decarboxylase), DAP3 (deathassociated protein 3), and SARS (seryl-tRNA synthetase). RNAi of hUpf1 performed according to Mendell et al. (23) , confirmed that the above six genes are down-regulated by hUpf1 (data not shown). We then performed RNAi of ADAR1 in HeLa cells, by using the siRNA duplexes described in ref. 33 . As controls, we analyzed untreated cells and cells transfected with siRNA duplex against firefly luciferase, as described in ref. 34 . Western blot and RT-PCR analyses (Fig. 6 A and B, respectively) show that the siRNA treatment down-regulated the level of ADAR1 protein to Ϸ20% and that of the RNA almost to completion. We used endogenous actin as an internal standard. Of the six candidate genes we found four (PISD, MGC10471, DAP3, and SARS) (Fig. 6B ) that were clearly up-regulated after RNAi treatment of ADAR1, compared with the level of RNA expressed in control cells (Ϸ3-fold compared with the level in cells treated with RNAi of luciferase). TXNRD2 was also up-regulated after RNAi of ADAR1. At present, it is not added to the list, because a mild increase in RNA level was seen after treatment with RNAi of luciferase (Fig. 6B) . MAP3K14 did not seem to be affected (Fig. 6B) . As controls, we show that the RNA level of transcripts of two genes that are not known to be affected by RNAi of ADAR1, namely SDHA and hUpf1, was not changed (Fig. 6B) . These results suggest that ADAR1 participates in an RNA degradation mechanism, possibly with the aid of hUpf1. To strengthen the above results, we performed half-life experiments by using actinomycin D (Act.D). HeLa cells were treated with either siRNA against ADAR1 or mocktreated. After 72 h, Act.D was added to the medium and RNA was extracted at time points as indicated. RT-PCR analyses show that the gene transcripts of PISD, MGC10471, DAP3, and SARS, which were seen to be down-regulated by ADAR1 by semiquantitative RT-PCR analyses (Fig. 6) , were also degraded more rapidly in the presence of ADAR1 than when it was down-regulated (Fig. 7) . Furthermore, the transcript of MAP3K14, which was not affected by the ADAR1 siRNA treatment, did not show any difference in its degradation pattern between control and ADAR1 knocked-down cells (Fig. 7) . Discussion ADAR1 Is Associated with hUpf1 in the Nucleus. By performing cross-linking and co-IP experiments of nuclear complexes fractionated in density gradients and of HeLa cell nuclear extract, we showed that the RNA editing enzyme ADAR1 is associated with the RNA surveillance protein hUpf1. This association is not dependent on RNA, because treatment with either a single-or double-stranded specific RNase (RNase A or RNase V1, respectively) did not affect it. ADAR1 and hUpf1 are found associated in the nucleus within supraspliceosomes, as well as within 70S nuclear complexes, which correspond to the native spliceosomes described by Azubel et al. (25, 32) . The crosslinking experiments (Figs. 4 and 5) show that on reversing the cross-links ADAR1 and hUpf1 are released from an oligomeric complex of an apparent molecular mass of at least 350 kDa. Although the accurate mass of the apparent ADAR1-hUpf1 complex has yet to be determined, the fact that ADAR1 was previously shown to form dimers (35, 36) , is consistent with a complex containing at least one copy of hUpf1 and one of ADAR1, or possibly, an ADAR1 dimer. These experiments indicate that hUpf1 and ADAR1 are likely to interact with one another. The finding that ADAR1 and hUpf1 coexist in nuclear complexes is interesting in the sense that, although both ADARs and hUpfs are known to be involved in the processing of pre-mRNAs to functional mRNA molecules, the pathways in which they participate have not been connected so far.
A clue for a possible functional role of the association of ADAR1 and hUpf1 emerges from the observations that hUpf1 is responsible for the down-regulation of many mRNA molecules (23) , and that it is also involved in an mRNA degradation pathway independent of NMD (21) . We have thus reasoned that ADAR1 and hUpf1 could participate in concert in a mechanism of RNA degradation. To test this possibility, we searched for genes that are both down-regulated by hUpf1 (23) and undergo A-to-I editing by ADAR enzymes (8) . We found 13 such genes [6.6% of the smaller list (23)] and tested the effect of RNAi of ADAR1 on the expression of six of them: DAP3, PISD, MGC10471, SARS, MAP3K14, and TXNRD2. These genes undergo editing in introns or in UTRs in Alu elements (8), short interspersed repetitive elements of Ϸ280 bp, widespread in the human genome (Ϸ10 6 copies per haploid genome) and mainly found in introns (37) . Our results showed that DAP3, PISD, SARS, and MGC10471 were up-regulated and had longer halflives after RNAi of ADAR1, whereas MAP3K14 was not affected by down-regulation of ADAR1, neither in its expression level nor in its half-life. These results are therefore in support of a mechanism by which a subgroup of A-to-I edited genes are down-regulated by ADAR1, possibly with the aid of hUpf1.
Interestingly, testing target genes by using the AceView gene models with alternative splicing database (National Center for Biotechnology Information), we found that the edited sites of DAP3, PISD, and MGC10471 transcripts are located within, or next to, a putative alternatively spliced RNA with an ORF having a stop codon. We did not find such a potential stop codon in MAP3K14. This observation, by analogy to NMD and SMD, may provide a possible explanation for the down-regulation by ADAR1 of only a subset of ADAR substrates. Further analyses are required to test this hypothesis, and other explanations cannot be excluded at this stage.
In conclusion, we show a connection between ADAR1 and hUpf1 and a down-regulation of genes by ADAR1. Our finding thus demonstrates once more how closely integrated are the apparently independent pathways that ensure the production of mRNA molecules that are adequate for translation of proteins. Reversible Cross-Linking and 2D Gel Analysis. To HeLa cell NE (95% vol/vol final concentration), aliquots of the solution of the reversible cross-linker DTBP (Pierce) in 0.2 M triethanolamine, pH 8, were added to a final concentration of 5 mM, and the solution was incubated at 20°C for 20 min. The reaction was stopped by the addition of 1.1 vol of gel sample buffer (as above, but lacking DTT) and incubation on ice. The sample was then boiled for 5 min and run on an SDS/PAGE. For reversal of the cross-linking, by the reduction of the disulfide bond of DTBP, the analyzed lane was cut from the rest of the gel, and incubated for 15 min at 65°C with 3% (vol/vol) ␤-mercaptoethanol in 50 ml of the SDS/PAGE running buffer (25 mM Tris, 250 mM glycine, 0.1% SDS) adjusted to pH 6.8. Next, the treated lane was incubated for 30 min at 20°C in 50 ml of the SDS/PAGE running buffer adjusted to pH 6.8, placed horizontally on top of a second gel, and run on an SDS/PAGE for the second dimension. 
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